1. Introduction {#sec0005}
===============

Coronary CTO, commonly seen in patients with chronic stable angina, is characterized by the presence of atherosclerotic plaque resulting in complete or near complete occlusion of coronary artery for greater than 3 months duration.[@bib0005], [@bib0010] Although over time the myocardial territory supplied by CTO tends to form well developed collaterals from a donor artery, the potential for myocardial ischemia still persists. CTO treatment is primarily aimed at improving angina symptoms, inducible myocardial ischemia, left ventricular function, quality of life and possibly overall survival.[@bib0015], [@bib0020], [@bib0025] Often, a hard cap composed of dense fibrous tissue and calcium is present at both ends of CTO plaque with a soft portion in the middle, which makes guidewire crossing and subsequent balloon inflation more difficult.[@bib0030] The difficulty and complexity of recanalizing renders lower success rates for CTO PCI than PCI of subtotal stenosis. CTO PCI results in greater procedural cost due to incremental equipment use, increased radiation exposure to both operator and patient due to prolonged fluoroscopic and procedural times, and increased utilization of catheterization laboratory staff compared to less complex interventions.[@bib0005], [@bib0010], [@bib0015], [@bib0020], [@bib0025]

For patients, undergoing complex CTO PCI increases the risk of coronary artery perforation, collateral vessel loss, higher radiation exposure and contrast induced nephropathy.[@bib0035] In addition, CTO PCI attempts are higher among high volume operators (\>200 PCIs per year) compared to low or intermediate volume (\<200 PCIs per year) operators.[@bib0020] Brilakis et al. using the data from National Cardiovascular Data Registry (NCDR) between July 2009 to March 2013 reported that CTO PCI represented only 3.8% of total 594,510 PCI cases for stable coronary artery disease.[@bib0040] In addition, patients undergoing CTO PCI had lower procedural success rates (59% vs 96%) and higher in-hospital major adverse cardiac event rates (MACE, 1.6% vs 0.8%) compared with non-CTO PCI patients. Thus, procedural complexity, economic disincentives, operator inexperience, failure of medical management, and potential risks associated with CTO PCI result in most cases referred for coronary artery bypass surgery. However, some studies have shown improved long-term survival rates for successful CTO PCI compared with failed CTO or non-CTO PCI,[@bib0045], [@bib0050] thereby emphasizing the need for more aggressive CTO revascularization in the appropriate patient subset. In the midst of emergence of novel guidewires and CTO crossing tools,[@bib0055] advances in adjunctive imaging and debulking modalities in the era of drug eluting stents have contributed to increased CTO PCI success rates and have made percutaneous CTO intervention more amenable. In this review, we will describe such adjunctive modalities and the current literature evidence supporting their utility in CTO PCI.

1.1. Fractional flow reserve (FFR) {#sec0010}
----------------------------------

FFR, a measure of intracoronary physiology, is a lesion specific index used to determine the functional importance of coronary stenosis. FFR is the ratio of mean distal coronary pressure to mean aortic pressure in the setting of maximum hyperemia. FFR of ≤0.8 is currently recommended as a threshold for invasive determination of myocardial ischemia.[@bib0060], [@bib0065] The information on myocardial ischemia obtained from FFR is more specific than myocardial perfusion studies, because every possible diseased artery could be analyzed individually using FFR. In FFR verses angiography for multivessel evaluation (FAME) study among patients with multivessel disease, FFR guided ([Fig. 1](#fig0005){ref-type="fig"}) PCI resulted in reduced mortality and myocardial infarction rates compared with standard angiography guided PCI.[@bib0070] In addition, compared to non-FFR guided PCI, FFR guided PCI resulted in fewer stents and procedural contrast volume use, similar health related quality of life and significant decrease in 2-year major adverse cardiac events.[@bib0075] Although FFR use has been increasingly recommended, especially in multivessel PCI, its utility in CTO evaluation is not well-known. Often, the presence of collaterals from the donor artery in the CTO myocardial territory renders operators less inclined towards the need for CTO revascularization. Sachdeva et al., in a study of 100 patients (50 each in CTO and non-CTO groups), reported that in symptomatic patients with CTO, FFR use helps identify ischemic zones within the CTO territory even in the presence of well-developed coronary collaterals and regional ventricular dysfunction. The severity of ischemia was greater in CTO territory compared with non-CTO regions, and 78% of patients with CTO had ischemia at rest, i.e., FFR ≤ 0.8. Pre-PCI FFR was lower in the CTO group compared with non-CTO group (0.45 ± 0.15 vs 0.58 ± 0.17), but was similar post-PCI. Post-PCI, the FFR in the CTO ischemic zone reverted back to normal. Interestingly, the rate of all-cause mortality, target lesion revascularization and angina were similar among CTO-PCI and non-CTO PCI groups.[@bib0080] Varghese et al., in a prospective study of 50 CTO lesions with well-developed collaterals, demonstrated significant improvement in FFR post-PCI. The pre-PCI FFR (median 0.54, range 0.27--0.83) normalized in most cases post-PCI (median 0.9, range 0.61--1.12).[@bib0085] These findings suggest that in patients with complex coronary lesions, using FFR could help identify ischemia in the CTO territory which could be normalized post-PCI. Furthermore, the above findings also suggest that the mere presence of robust collaterals and absence of wall motion abnormality alone do not indicate absence of ischemia in the corresponding CTO territory.Fig. 1Device and case images of coronary fractional flow reserve measurement (FFR). A. FloWire Doppler Guide Wire for FFR measurement (Image provided courtesy of Volcano Corporation, San Diego, CA); B. Case image demonstrating a proximal right coronary artery (RCA) chronic total occlusion (CTO) (\*); C. pre-intervention FFR wire positioning in the distal RCA (\*) through a Corsair catheter after crossing the CTO with pre-FFR of 0.45; D. and final post-intervention image of revascularized RCA CTO (\*) for post-FFR of 0.85.Fig. 1

The CTO myocardial territory is dependent on the donor artery blood flow for tissue perfusion. In multivessel disease involving the donor artery, using FFR may help determine the need for donor artery revascularization. In patients with CTO and intermediate donor artery stenosis, FFR in the donor artery is frequently abnormal and reverts to normal after successful CTO PCI.[@bib0090] Therefore, recanalizing CTO and resultant normal FFR in the donor artery would obviate the need for donor artery PCI or multivessel bypass surgery.[@bib0095] However, the change in donor vessel FFR after CTO PCI may be related to lesion severity in the donor vessel, and any improvement in very low pre-PCI FFR associated with severe stenotic lesions may not be enough to cross the ≤ 0.8 treatment threshold.[@bib0100] FFR, therefore, remains a useful tool in the setting of multivessel disease with concomitant CTO to evaluate donor artery lesion physiology and determine the need for donor artery and even CTO lesion revascularization.

1.2. Intra-vascular ultrasound (IVUS) {#sec0015}
-------------------------------------

IVUS has been a valuable adjunct to coronary angiography due to its ability to provide direct high resolution (100--150 μm) view of vessel wall and to precisely allow measurements of lumen area, plaque size and composition.[@bib0060], [@bib0105], [@bib0110] In non-CTO interventions, IVUS use during stent placement has been associated with lower rates of restenosis, repeat revascularization and major adverse cardiac events.[@bib0105], [@bib0115] IVUS is particularly useful in complex interventions involving ostial and bifurcation lesions and segments with multiple overlapping vessels and branch points^21----23^. Contrary to conventional angiography, IVUS provides a cross-sectional assessment of CTO plaque morphology, size and distribution, and provides real time images of the exact location of guidewire within the atherosclerotic plaque to help discriminate the true lumen from a false lumen.[@bib0060], [@bib0105], [@bib0110] In addition, IVUS can identify intramural hematomas resulting from guidewire penetration in the medial space during recanalization.[@bib0120]

The use of IVUS ([Fig. 2](#fig0010){ref-type="fig"}) to successfully recanalize technically challenging CTO lesions has been reported. The success rates in penetrating the proximal cap of the blunt CTO lesion in the presence of a side branch at the occlusion site are low due to lack of ability of conventional angiographic images to identify the proper CTO entry site and frequent slipping of guidewire into the side branch.[@bib0125] In this setting, if a side branch is large enough to accommodate the IVUS catheter, IVUS can help guide the operator to optimally penetrate the guide wire into the proximal cap without disrupting the external elastic membrane.[@bib0130] At times, the guidewire can penetrate the subintimal layer, but by using IVUS in the subintimal layer, the operator can often advance a second guidewire through the true CTO lumen.[@bib0135] Similarly, in the presence of a side branch, IVUS images obtained while withdrawing the catheter from the bifurcated branch can help direct the wire into the true CTO occlusion cap.[@bib0135], [@bib0140] The 'tandem wire technique' (i.e., advancing a second guidewire to create an alternate channel through the CTO lesion using the first guidewire as a landmark) could also be used under IVUS guidance to successfully recanalize the CTO.[@bib0130]Fig. 2Device and case images of coronary intravascular ultrasound (IVUS). A. OptiCross IVUS coronary imaging catheter (Image provided courtesy of Boston Scientific Corporation, Natick, MA); B. IVUS case image demonstrating recanalized calcified true lumen (\*) and subintimal lumen (\*\*) of chronic total occlusion.Fig. 2

Park et al., assessed the feasibility of the above technique in recanalizing the stumpless CTO lesions. They reported that out of 32 lesions, 96.9% of them had CTO entry points successfully identified under IVUS guidance, in which the guidewire passage was impossible in 12.5% lesions due to complications and lesion tortuosity. In this subset, the rate of successful recanalization was 81%.[@bib0145] Hong et al., using the Korean-CTO registry, investigated 2-year follow-up outcomes from IVUS-guided CTO PCI with drug eluting stents. The IVUS-guided PCI group showed significantly less stent thrombosis (0% vs 3%) and trend towards lesser myocardial infarction compared with non-IVUS-guided PCI. Additionally, target lesion revascularization occurred less frequently in IVUS-guided PCI group, especially for CTO lesions ≥3 cm.[@bib0150] Kim et al., in a randomized study of 402 patients with CTO, compared IVUS-guided versus angiography-guided interventions. After 12-month follow-up, IVUS-guided intervention group had significantly lower MACE rates (2.6% vs 7.1%) and composite of cardiac death or myocardial infarction (0% vs 2%) compared with angiography-guided intervention group. Interestingly, high pressure post-stent ballooning was more frequently performed in the IVUS-guided group probably resulting in a larger post-procedural minimum lumen diameter.[@bib0155] Additionally, IVUS imaging may help optimize stent placement pre- and post- intervention which may contribute to high long term success rates. Post CTO revascularization IVUS imaging may also help to determine restenosis and late-stent malapposition.[@bib0105] Therefore, the above data supports IVUS use as an important imaging tool during angiography-guided PCI: to facilitate successful CTO crossing by visualization of the CTO cap; and to optimize stent expansion and apposition to improve outcomes.

1.3. Optical coherence tomography (OCT) {#sec0020}
---------------------------------------

OCT uses light in the infrared range which reflects off tissues to provide high resolution (10--15 μm) cross-sectional images. At such resolution, OCT could help assess the degree of intima, media, and fibrous cap thickness of an atherosclerotic plaque and details of plaque morphology. OCT can further be used to determine lesion length, vessel diameter, length of subintimal track, and the constituents of arterial wall.[@bib0105], [@bib0160] Therefore, OCT could be used to better determine stent length accurately and limiting inadequate stent expansion or incomplete stent strut apposition, thus minimizing the risk for stent thrombosis or restenosis.[@bib0165] In addition, OCT may help determine plaque burden and composition, thereby allowing operators to decide if additional debulking tools are necessary prior to intervention. Furthermore, OCT could help visualize microchannels within the CTO, which may greatly assist in guidewire passage across the lesion.[@bib0170]

Use of OCT ([Fig. 3](#fig0015){ref-type="fig"}) to assess long-term success of drug eluting stents in coronary lesions is well-described.[@bib0175], [@bib0180] The risk for in-stent restenosis remains significant in morphologically complex CTO, and OCT imaging may be incrementally valuable in such cases. Naganuma et al. reported a case of 1-year follow-up after bioresorbable vascular scaffold placement for CTO lesion. They reported that OCT demonstrated acceptable scaffold and luminal area with homogenous neointimal hyperplasia and partial strut malapposition.[@bib0185] Recently, Jia et al. reported OCT use to assess long-term vascular response post-CTO PCI with drug eluting stents. They reported that compared to non-CTO group, the CTO group had higher incidence of stent malapposition, uncovered struts, and protruding struts.[@bib0190] Thus, OCT could be the imaging modality of choice to determine the extent of strut coverage and degree of in-stent restenosis in CTOs.[@bib0160] Due to its ability to provide high definition visualization of the lesion and optimal stent sizing and placement, OCT often is a useful tool in CTO interventions. Although, there is lack of clinical trial data on OCT use in CTO PCI, it remains a useful adjunct tool in CTO revascularization.Fig. 3Device and case images of coronary optical coherence tomography (OCT). A. Dragonfly duo OCT imaging catheter (Image provided courtesy of St. Jude Medical Inc., Little Canada, MN); B. OCT case image demonstrating adequately expanded and apposed stent struts (\*) following PCI of right coronary artery chronic total occlusion.Fig. 3

1.4. Rotational atherectomy (RA) and orbital atherectomy (OA) {#sec0025}
-------------------------------------------------------------

RA is primarily used for plaque modification in calcified vessels, to smoothen the vessel lumen and disrupt the plaque continuity to facilitate balloon dilation and stent implantation. RA catheter consists of an elliptical burr that rotates concentrically at high speeds to provide ablation by gradually advancing across the lesion over a guidewire. RA is commonly used to treat complex lesions that are heavily calcified, ostial lesions, bifurcation lesions, or CTO.[@bib0195], [@bib0200] In CTO, RA ([Fig. 4](#fig0020){ref-type="fig"}) may be useful in the setting of successful guidewire passage through the lesion and subsequent failure of balloon to cross or dilate the stenosis. Pagnotta et al., reported that out of 648 CTO lesions with successful guidewire passage, 45 CTO lesions were resistant to subsequent balloon angioplasty and stent implantation, of which, 95.5% were successfully treated with rotational atherectomy without procedural complications.[@bib0205] Similarly, in a study of 145 CTOs, Omoigui N reported 90.1% success rate without major complications when using RA after crossing the CTO with a guidewire; non-diabetics and those with relatively larger vessel diameter (2.8 ± 0.6 vs 2.0 ± 0.5 mm) benefited the most.[@bib0210]Fig. 4Device and case images of coronary rotational atherectomy (RA). A. RA system and B. Rotablater diamond tipped burr (Images provided courtesy of Boston Scientific Corporation, Natick, Massachusetts); C. Case image demonstrating left circumflex (LCX) chronic total occlusion (CTO) (\*); D. Use of RA (\*) to treat a heavily calcified segment of LCX CTO \[4c\]; E. Final angiography of revascularized LCX CTO (\*) after RA and stenting.Fig. 4

Few studies have assessed the short and long-term outcomes post-debulking of CTOs.[@bib0215], [@bib0220] Tsuchikane et al. in a randomized study of 266 patients with CTO (177 in RA group) reported that pre-stent debulking strategy led to higher 30-day MACE rate (15.9% vs 8.5%), lower restenosis rate (23.8% vs 34.6%) and lower 1-year MACE rate (27.5% vs 39.8%) compared with non-debulking strategy.[@bib0215] However, Gruberg et al. showed that using debulking techniques (including RA) prior to stent placement in CTOs led to similar short (in-hospital mortality, myocardial infarction and repeat angioplasty rates) and long-term (deaths and target lesion revascularization) outcomes compared with stent placement alone.[@bib0220] Interestingly, in this study, the protocol for debulking strategy was not standardized, and the study did not evaluate the impact of "optimal" debulking. Furthermore, mean CTO length was markedly longer in the debulking group compared to stent-alone group (23 mm vs 10.4 mm). Further clinical studies would help establish the efficacy of RA debulking in CTO intervention. Nevertheless, the above studies indicate that RA could be a useful adjunctive tool in treating challenging CTO lesions.

A novel plaque debulking tool, Diamondback 360° OA System ([Fig. 5](#fig0025){ref-type="fig"}), has been shown to be very effective in treating heavily calcified coronary lesions.[@bib0225], [@bib0230], [@bib0235] OA uses eccentrically mounted diamond coated crown, which can revolve at very high speeds. In contrast to the concentric motion of RA burr, the orbital motion of OA creates a sanding effect while removing plaque, and facilitates greater luminal gain at progressively higher speeds obviating the need for frequent catheter upsizing.[@bib0240], [@bib0245], [@bib0250] Trayer et al. reported a case demonstrating the utility of OA in treating heavily calcified right coronary artery near-total occlusion with a drug eluting stent.[@bib0255] The prospective, non-randomized, multicenter trial to Evaluate the Safety and Efficacy of OA in Treating Severely Calcified Coronary Lesions (ORBIT II) assessed the safety and efficacy of OA in debulking severely calcified lesions prior to stent placement.[@bib0260] In ORBIT II, the OA device was able to cross the lesion in 98% of 440 trial participants. Of 440 total lesions, 29.3% were American College of Cardiology/American Heart Association (ACC/AHA) type C (which also includes CTOs). The study reported 89.6% rate of freedom from MACE at 30 days post-procedure, 97.7% rate of successful stent placement, 98.6% rate of achieving \<50% stenosis post-procedure and very low rates of cardiac death, in-hospital Q wave myocardial infarction and target vessel revascularization; however, the trial did not report outcomes based on different ACC/AHA lesion types. Thus OA could potentially be useful in treating coronary CTOs, which are often heavily calcified. Prospective studies exclusively focused on assessing OA use in CTO intervention would be valuable.Fig. 5Device and case images of orbital atherectomy (OA). A. Diamondback OA system; B. OA catheter with diamond coated crown (Image provided courtesy of Cardiovascular Systems Inc., St. Paul, MN); C. Case image demonstrating left circumflex (LCX) chronic total occlusion (CTO) (\*); D. use of OA (\*) in percutaneous coronary intervention of a calcified LCX CTO; E. Final angiography of revascularized LCX CTO (\*) after OA and stenting.Fig. 5

1.5. Excimer laser Coronary atherectomy (ELCA) {#sec0030}
----------------------------------------------

ELCA is an alternative technique for debulking complex lesions including CTOs crossable by guidewire. Absorption of pulsed excimer laser by tissue leads to formation of gas and acoustic shock waves within the target biologic tissue, which dessicates the atherosclerotic plaque and thrombus.[@bib0265], [@bib0270] ELCA is an alternative, when the advancement of the proprietary guidewire for RA is not possible. In addition, ELCA is deliverable using 0.014″ standard guidewire ([Fig. 6](#fig0030){ref-type="fig"}) and can be readily utilized when a CTO has been crossed.[@bib0275] Fernandez et al., in a retrospectively studied 18 CTO lesions in which balloon either failed to cross or expand, showed 83.3% treatment success rate using ELCA alone with no ELCA-related complications. Recent studies have shown increasing utility and efficacy of ELCA as a tool for CTO intervention.[@bib0280] Badr et al., in a study of 32 patients with CTO, demonstrated that ELCA catheter was able to cross the lesion in 93.8% of cases. In addition, in 90.6% of cases ELCA achieved \<50% residual stenosis in the absence of in-hospital adverse events. Although, out of 32 CTOs, 8 required the use of adjunctive techniques, the technical success rate of ELCA was significant.[@bib0285] Don et al. in a retrospective case series reported subintimal ELCA use for CTO revascularization by advancing the laser catheter through the hypertrophied medial layer of a chronically occluded vessel.[@bib0290] Lesions that cannot be initially treated successfully by RA can be treated with ELCA. In such cases, ELCA may not be able to debulk the lesion completely, but may create a channel within the lesion, which can then be used to perform additional debulking or aggressive balloon dilatation. Although data on long-term efficacy and safety of ELCA use in CTO intervention is lacking, ELCA remains an effective tool to achieve successful CTO revascularization.Fig. 6Device and case images of Excimer laser coronary atherectomy. A. ELCA catheter (Image provided courtesy of Spectranetics, Colorado Springs, CO); B. Case images demonstrating a proximal left anterior descending (LAD) chronic total occlusion (CTO) (\*); C. Use of ELCA (\*) to debulk the proximal LAD CTO after crossing; D. Final angiography of revascularized LAD CTO (\*) after ELCA and stenting.Fig. 6

1.6. Percutaneous left ventricular assist device (pLVAD) {#sec0035}
--------------------------------------------------------

Complex interventions such as CTO-PCI commonly require extensive catheter manipulations and balloon dilations, which increase the risk of fatal arrhythmias and worsening hemodynamic instability in patients with depressed left ventricular (LV) function. In such settings, minimizing LV work load and myocardial oxygen demand is imperative. The use of pLVAD, such as Impella 2.5 LP and CP systems (Abiomed, Danvers, MA), delivered percutaneously and positioned across the aortic valve into the left ventricle ([Fig. 7](#fig0035){ref-type="fig"}), incorporates an axial flow pump which ejects blood from the LV into the ascending aorta at the rate of up to 2.5--3.5 L/min.[@bib0295], [@bib0300] The pLVAD is commonly used as a hemodynamic support in the setting of cardiogenic shock or high-risk PCI with depressed LV function, but the data on its use for CTO PCI is limited.[@bib0305] Murarka et al. reported a case of pLVAD use to successfully treat LAD CTO in a patient with LV ejection fraction (EF) of 15%.[@bib0310] Alasnag et al. studied 60 patients with depressed LVEF (23 ± 15) undergoing elective high-risk PCI in the presence of Impella 2.5, of which 14 patients had CTO. The study showed 96% angiographic success with mean Impella flow rate of 2.1 ± 0.2 L/min and duration of 38 ± 15 min, low procedural complication rate and low in-hospital stay. Although, only 23% of the patients had CTO, the above study suggests that pLVAD could be successfully used in high-risk CTO interventions.[@bib0315] Larger clinical trials evaluating the short and long-term efficacy of pLVAD in complex CTO-PCI would be valuable.Fig. 7Device and case images of Impella 2.5 LP system. A. Impella 2.5 LP system (Image provided courtesy of Abiomed Corporation, Danvers, MA); B. Case image of percutaneous left ventricular assist device use (\*) during percutaneous coronary intervention of left circumflex chronic total occlusion.Fig. 7

2. Summary {#sec0040}
==========

Each of the above modalities, if used in the appropriate clinical settings, could significantly aid in successful CTO PCI. In addition, using adjunct modalities may potentially decrease procedural time, contrast volume, fluoroscopic time and patient related risks associated with CTO PCI. The field of CTO intervention remains dynamic and novel imaging and interventional modalities are rapidly emerging. With use of these adjunctive modalities, CTOs are becoming more amenable to intervention and successful revascularization; robust clinical trial data is needed to reinforce their widespread adoption in CTO PCI.
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